Analysis of the Metallic Phase of Two-Dimensional Holes in SiGe in Terms of 

Temperature Dependent Screening 
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We find tiiat temperature dependent screening can quantitatively explain the metallic behaviour 
of the resistivity on the metallic side of the so-called metal-insulator transition in p-SiGe. Interfer- 
ence and interaction effects exhibit the usual insulating behaviour which is expected to overpower 
the metallic background at sufficiently low temperatures. We find empirically that the concept of a 
Fermi-liquid describes our data in spite of the large r^ « 8. 



Conductivity measurements give experimental access 
to the nature of the electronic ground state of disor- 
dered conductors. At zero temperature {T — 0) extended 
wave functions at the Fermi-level result in metallic be- 
haviour (zero or finite resistivity p), while localised wave- 
functions lead to insulating properties (infinite resistiv- 
ity) [Ql- Since in experiments the absolute zero is not 
accessible, the criterion dp/dT > {dp/dT < 0) mea- 
sured at the lowest accessible temperatures is thought to 
indicate a metallic (insulating) ground state. 

In two-dimensional (2D) systems it was suggested the- 
oretically Q and supported experimentally that the 
ground state at zero temperature is of insulating nature. 
This belief has been challenged by the interpretation of 
experiments on high mobility Si-MOSFETs Later 
on, experiments on GaAs hole |^-^ and electron gases 

, AlAs electron gases and SiGe hole gases [pO|-p^ were 
shown to exhibit similar features as observed in the Si- 
MOSFET systems As a consequence, the existence 
of a metal-insulator transition (MIT) in 2D-systcms has 
been controversially discussed . 

In this paper we discuss the metallic behaviour ob- 
served in our p-SiGe quantum wells Interference 
corrections to the conductivity are extracted from weak 
localisation studies at low magnetic fields and interac- 
tion corrections to the conductivity are obtained from 
the temperature dependence of the Hall resistivity, sim- 
ilar to Ref. 0. In addition, following the suggestion in 
Ref. we compare the remaining (Drude) part of the 
conductivity with the theory for temperature dependent 
screening suitable for our system We arrive at the 
following conclusions: (I) In the metallic regime the 2D- 
hole gas in our SiGe samples behaves like an ordinary 
Fermi liquid and exhibits localising interference and in- 
teraction corrections to the conductivity which can be 
described by conventional theory. (II) The metallic tem- 
perature dependence of the resistivity can be described 
by the theory of temperature dependent screening enter- 
ing the Drude part of the resistivity. 

Our samples were grown by MBE (molecular beam 
epitaxy). They comprise a 20 nm Sio.85Geo.15 quantum 
well where the two-dimensional hole gas is formed, sand- 
wiched between undoped Si layers. The structures are 



remotely doped with boron at a distance of 15 nm above 
the quantum well and gated with a Ti/Al Schottky gate. 
For more details see Ref. Measurements were car- 

ried out at temperatures between 180 mK and 15 K using 
four-terminal AC and DC techniques. 

The SiGe quantum well is compressively strained nor- 
mal to the growth direction, which leads, together with 
the confinement, to a splitting between heavy-hole (HH) 
and light-hole (LH) bands of the order of 25 meV 
JTrt . The 2D hole gas resides in the lowest HH sub- 
band with effective mass m* = 0.25mo as determined 
from Shubnikov-de Haas oscillations. The hole density 
in ungated areas of the device was 4.3 x 10^"'^ cm~^. 
With the gate the hole density could be tuned between 
1.1 — 2.6 X lO^^cm"^, i.e. the Fermi energy was below 
2 meV. The hole mobility in these structures increases 
with carrier concentration from 1000 cm^/Vs at the low- 
est to 7800 cm^/Vs at the highest density similar to other 
p-SiGe structures [|8|. The ratio of the Drude scatter- 
ing time Te and the quantum lifetime extracted from 
Shubnikov-de Haas oscillations is close to one indicating 
that transport is dominated by short range scattering 
potentials. It was confirmed in other studies that large 
angle scattering at interface charges dominates the mo- 
bility in such structures [[l7yi8[ . 

Recently Coleridge et al. [0 and we ||ll|,|l^ have 
shown that p-SiGe exhibits the characteristic features of 
the MIT. On increasing the hole density dp/dT changes 
sign ||ll[]. At the critical density Pc, we found — 
l/a*gy/Trp « 8, where is the effective Bohr radius. 
The critical resistance was pc « /i/e^. The value is 
a measure of the importance of interaction effects and 
p is a measure of the degree of disorder in the system. 
Like in other systems temperature and electric field scal- 
ing could be performed |l^ allowing the interpretation 
in terms of a quantum phase transition. We have found 
in Ref. ||l^ that in the metallic regime weak localisation 
(WL) reduces the metallic behaviour without destroying 
it, whereas localising interference corrections dominate 
the zero field resistivity in the insulating regime. 

In the following we analyse magnetotransport data in 
the metallic regime by first extracting the contributions 
of WL and interaction corrections to the temperature 
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dependence of the conductivity; then the effect of tem- 
perature dependent screening is quantitatively discussed. 




FIG. 1. (a) Temperature and magnetic field dependence of 
the conductivity for densities p — 2.6 x 10^^ cm~^ (lower sur- 
face) and p — 4.3 x 10^^ cm~^ (upper surface). The upper 
surface shows reentrant insulating behaviour at lower temper- 
atures, (b) Magnetoconductance for the higher density at the 
two extreme temperatures, (c) Magnetoconductance for the 
lower density at various temperatures. 

In Fig. |l|a we show magnetoconductivities measured 
at the highest densities p — 2.6 x 10^^ cm^^ (achieved 
under the gated part of the sample) and p = 4.3 x 10^^ 
cm~^ (ungated part of the sample) for various tempera- 
tures. Fig. 1^ presents the magnetoconductivity curves 
of the higher density for the lowest and highest temper- 
ature. Fig. ^c shows magnetoconductivity curves of the 
lower density together with theoretical fits (solid lines) 
to be discussed later in this paper. It can be seen in 
Fig. |l|c that the temperature dependence of the con- 
ductivity minimum around zero magnetic field, which 
we attribute to the WL corrections, is overpowered by 
the much stronger temperature dependence of the back- 
ground conductivity. We therefore analyse the zero-field 
conductivity cr(T) in the spirit of Rcf. |l9| 

aiT)^aD{T) + SawLiT) + Sai{T), (1) 

where <7]j{T) is the Drude conductivity, SawhiT) and 
5ai{T) are the WL and the interaction contributions, re- 
spectively. Strictly speaking, eq. (^ is based on the 
validity of the Fermi-liquid description and rs < 1 is re- 
quired. Nevertheless we empirically apply this concept to 
our system, since phenomenologically the magnetocon- 
ductivity exhibits all the features also found in samples 
with low Vs- 

In the well established theory of WL spin-orbit 
relaxation mechanisms like the Elliott- Yafet mechanism, 



the Dyakanov-Perel mechanism or the Rashba-effect have 
been taken into account perturbatively [ p0|j2l| ], which is 
appropriate for conduction band electrons. WL in 2D 
p-type systems such as p-GaAs has only recently been 
studied in detail j2^. In hole gases the valence band is 
strongly influenced by spin-orbit interaction and strain. 
The spin relaxation time is of the same order as the mo- 
mentum relaxation time and can therefore no longer be 
treated perturbatively p^ . It is therefore not a priori 
clear that the theories in Refs. |2^,^ can be applied to 
our system. 

Here we apply the theory developed in Rcf. for p- 
type 2D hole gases which takes the valence band structure 
into account and includes the effect of HH-LH mixing. 
Fig. |l|c shows theoretical curves fitted to the measured 
conductivity according to 

5awL {B,T)^ 5<JWL (0, T) = x 

Here f2{x) = \nx + "0(1/2 + l/x), ip is the digamma 
function and Bi = h/ [ADeTi) [i ~ ||,_L,(^), with the 
diffusion constant D and the phase-coherence time r^. 
The other relaxation times are given in Ref. |^ to be 
1/t|| = I/te • {kpa/n)'^ /|| and 1/tj_ — l/rg • {kpa/ir)^ I±, 
where Tg is the transport relaxation time, a is the width 
of the quantum well and fc^^ is the Fermi wavevector. 
The quantities I\\/± depend on the ratio of the LH and 
HH mass and have to be computed numerically. In our 
samples the holes are effectively confined by a triangu- 
lar well due to the asymmetric doping and we estimate 
kpa/TT « 0.2. We use B^,B± and J5|| as fitting param- 
eters and find that B^,B± <C B^p, i.e. HH-LH mixing 
seems to be insignificant in our sample. This result is in 
contrast to the measurements on p-GaAs, where stronger 
HH-LH mixing leads to appreciable values for B± and 
B^ ll^. In our case eq. (||) reduces to the result for 
negligible spin-orbit scattering already used in Ref. 
|]l2| . As it was evaluated there the phase breaking rate is 
I/t^ cx: T and it increases with decreasing hole concen- 
tration as expected from theory. 

Interaction corrections to the conductivity can be ex- 
tracted from the temperature dependence of the Hall- 
resistance at small magnetic fields [Q. It is predicted 
that the WL correction does not affect the Hall re- 
sistance, while interaction corrections obey ||l^ dai = 
-(76Rh/2Rh = eV(27r2ft)(l-3F^/4) lTi{kTTe/h), where 
Rh = dpxy/dB is the Hall constant. Figure ^ shows 
6a I (T) determined in this way for two different densi- 
ties in the metallic regime. We find that Saj is negative 
and determine F* — 0.91 in agreement with Ref. pi] . 
This means that interaction corrections to the conduc- 
tivity give another contribution of insulating behaviour 
to the total conductivity in the metallic phase. This re- 



2 



suit which agrees with Ref. Q for p-GaAs is of special 
importance, since interaction corrections have been sug- 
gested to lead to metallic behaviour. 
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The linear term stems from the temperature dependence 
of the dielectric function e(g,T), which becomes partic- 
ularly important for large angle scattering. It is a direct 
consequence of electron-electron interactions causing a 
temperature dependent polarizability of the 2D hole gas. 
Theory predicts values for the constant C(p) which de- 
pend on the scattering mechanism and on the hole den- 
sity p. If we apply eq. (^) to ct_d(T) in Fig. ^ we deter- 
mine C = 3.1 in reasonable agreement with a predicted 
value of C ~ 2.8 for charged interface impurity scatter- 
ing at low p. Similar agreement has been found for all 
densities in the metallic regime. This demonstrates that 
temperature dependent screening can indeed explain the 
metallic temperature dependence of the resistivity in our 
p-SiGe system without invoking a novel metallic phase. 
It also implies that at sufficiently low temperatures in- 
sulating behaviour with dp/dT < is expected to be 
recovered. Similar results in p-SiGe were obtained for 
much higher electron densities in Ref. p4[. 



FIG. 2. Interaction corrections Sai{T) in the metallic 
regime. The solid line is a theoretical fit (see text). The inset 
shows the raw data for the highest and lowest temperature. 

Now that we have experimentally determined (5<th/l (T) 
and Sai{T) we are in the position to extract the bare 
an {T) according to eq. (0) by subtracting the two correc- 
tions from the measured zero-field conductivity (Fig. |^). 
The obtained Drude conductivity shows a linear metal- 
lic temperature dependence which we will address in the 
following. 

The temperature dependent Drude conductivity is 
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where p is the sheet density of the holes and the average 
Drude scattering time Tg (T) has to be calculated accord- 
ing to 
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with the Fermi distribution function f{E, T) and the en- 
ergy dependent scattering rate 
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Here Ni is the density of ionized impurities, V{q) is 
the matrix element for scattering by a wavevector q = 
fci?-\/2(T^^Tios^ and e{q, T) is Lindhard's dielectric func- 
tion. For dominant large angle scattering (i.e. scattering 
for q « 2A:f) it has been shown that fl^ 



(Jd{T) = cjd{Q) 
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FIG. 3. Zero-field contributions to the conductivity at 
p = 2.6 X 10^^ cm~^. From the measured curve <j{T) (♦) 
we first subtract SawhiT) arriving at the curve marked • 
and then Sai{T) which leaves us with the bare (jd{T) (■). 

For higher carrier densities p we expect a]j{T) to ex- 
hibit a weaker temperature dependence, since C{p) de- 
creases In Fig. 1^ we therefore show the magnetic 
field and the temperature dependence measured at two 
densities. The lower surface shows the curves measured 
at p = 2.6 X 10^^ cm~^. At large \B\ the metallic tem- 
perature dependence can be seen. At _B = the WL 
peak tends to counteract this metallic behaviour with- 
out overpowering it in the range of temperatures shown. 
The upper surface was measured at a density of 4. 3x10^^ 
cm~^ on an ungated part of the same sample. The tem- 
perature dependence at large \B\ is weaker than for the 
other surface (C = 0.8), in agreement with temperature 
dependent screening. At i? = however, the WL correc- 
tion is strong enough to restore the insulating temper- 
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ature dependence of the conductivity. Such a reentrant 
insulating behaviour is consistent with the observations 
made in Ref. |^ . 

In the following, we address the range of validity of 
our analysis. The theories of linear screening, WL and 
interaction corrections are expected to hold as long as 
the disorder in the system is low enough, i.e. as long as 
kpl > 1- Therefore, our analysis is limited to the metallic 
regime. Non-linear screening models have to be invoked 
at the MIT, where our system undergoes the transition 
from WL {kpl > 1) to strong localisation {kpl < !)• We 
have empirically applied concepts developed for weakly 
interacting systems with < 1. This attempt was suc- 
cessful and a Fermi-liquid description of the 2D hole gas 
appears to be consistent with the experiment, in spite of 
Ts ~ 8. The theoretical understanding and interpretation 
of this finding remains an open issue. 

How relevant is this analysis for other systems in which 
the MIT was observed? Our analysis was simplified by 
the fact that large angle scattering is dominant in p-SiGe. 
For this special case, the analytical results of Ref. 
apply. Candidates for a similar analysis are therefore 
low-mobility Si-MOSFETS (for which this theory was 
originally developed) or the n-GaAs system with InAs 
quantum dots near the 2D electron gas However, 
Kravchenko et al. stated in Ref. ||] explicitly that tem- 
perature dependent screening can not account for the 
metallic behaviour in their high-mobility Si-MOSFET 
samples. Performing a similar analysis on the n-type 
GaAs samples of Ref. Q we find that the temperature 
dependence in the metallic range is much too large com- 
pared to the theory used above. For p-type GaAs samples 
exhibiting the MIT temperature dependent screening was 
suggested in Refs. ||^,^ as the relevant mechanism. Un- 
der the condition of small angle scattering this effect is 
much weaker than in our case. 

In conclusion, we have analysed the magnetoresistance 
and the Hall resistance in p-SiGe samples in terms of in- 
terference and interaction corrections to the conductivity 
and found the measurements to be consistent with ordi- 
nary Fermi- liquid behaviour in spite of « 8. Both cor- 
rections tend to localise the system as the temperature is 
lowered. The temperature dependence of the background 
Drude-conductivity has been found to depend linearly on 
temperature. Its behaviour is in good agreement with the 
theory of temperature dependent screening for systems 
in which large angle scattering dominates. The analysis 
applies to densities where the system is in the metal- 
lic regime and can not easily be extended to the transi- 
tion region, where kpl « 1. Although these observations 
can not exclude the possibility of a novel metallic ground 
state in our or in other systems unambiguously, we are 
inclined to discard this exciting possible interpretation 
for p-SiGe hole gases on the basis of our experiments 
and analysis. The theoretical understanding of experi- 



mental consistency with Fermi-liquid behaviour at these 
large r^-values remains a challenging topic for further re- 
search. 
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